Drilling deviated and horizontal wells is commonly used in the oil and gas industry for different purposes. Particularly in unconventional reservoirs such as gas shales or tight formations, horizontal wellbores provide a larger exposure to the formation, which enhances the production from such tight formations. The increase in torque and drag forces downhole in deviated borehole trajectories is one of the technical challenges that needs to be carefully studied during the design phase. There have been a number of different approaches to the way that torque and drag has been modelled in the industry. These include the soft string and stiff string approach and accounting for the effects of viscous fluid flow. The soft string model treats the drill string as a cable and assumes that it lies against the low side of the wellbore, meaning that the stiffness of the drill string is not accounted for. On the other hand, stiff string models take into account the stiffness and bending moment in the drill string and the radial clearance in the wellbore. Fluid flow during drilling results in the loss of the normal component of fluid pressure on the drill string as the flowing condition becomes dynamic. There is also an additional tangential component caused by viscous drag on the drill string due to the fluid flow.
Introduction
When a drilled borehole deviates from the true vertical direction, the contact between the drill string and drill hole generates frictional forces and normal forces. These frictional and normal forces oppose the direction of drill string motion, arising to the effects of torque and drag. Drag is defined as the additional force required for moving the pipe up or down in the borehole as a result of the generated frictional forces and contact loads, while torque is the additional moment force required to rotate the pipe [1] .
Frictional and normal forces are a function of the drilling parameters and surfaces encountered. Drilling parameters that affect the coefficient of friction and normal forces include, but are not limited to, drilling mud properties, well path design, hole section surfaces encountered and tubular design. Surfaces encountered are usually simplified to contact between tubulars and casing in cased hole and contact between tubulars and formations in open hole. Typical friction coefficients for cased hole and open hole while drilling with water-based mud are 0.25 and 0.35 respectively [2] .
It is important to understand that the effects of torque and drag are also influenced by the mode that drilling is happening or the operation that is being conducted. With regards to the motion of the drill string, there are two drilling modes, sliding and rotating. Sliding is where the drill string is displaced axially up and down the drill hole, while rotating is where the drill pipe is rotated about a point in the drill hole. Sliding of the drill string greatly contributes to drag forces but minimal to torque, while the opposite is true for rotating of the drill string [3] . Other drilling operations include tripping in and out of the well.
In order to effectively model torque and drag for drilling a well, Johancsik et al. [4] developed the soft string model, where the equations established are presented in section 2. The soft string model assumes that the entire drill string lies against the low side of the wellbore meaning that the stiffness of the drill string is not accounted for. For modelling purposes, the drill string is represented by a cable divided up into small elements that only carry axial loads and torque, while the contact forces are supported by the wellbore [5] .
In addition to soft string modelling, stiff string models have been developed as an attempt to model a more realistic situation downhole. McCormack et al. [5] describe that stiff string models endeavour to do this by taking into account the stiffness and bending moment in the tubular and radial clearance in the wellbore that results. However, they also suggest that even though stiff string models incorporate more variables, it is not necessarily more accurate than a soft string model. The decision to choose between a soft string or stiff string model is dependent on the well situation. Stiff string models are more beneficial for wells that have high tortuous trajectories, high dogleg severity or stiff tubulars [5] .
The effects of fluid flow on torque and drag modelling is varied and not taken into account by all models. Fluid flow during drilling results in the loss of the normal component of fluid pressure on the drill string as the static condition is broken. There is also an additional tangential component caused by viscous drag on the drill string due to the fluid flow [6] . The additional force due to viscous drag is calculated as follows [7] : ,
where F is the force (N), ΔP is the annular pressure loss based on rheological model selected (Pa), D h is the diameter of the hole (m) and D p is the diameter of the pipe (m). The determination of annular pressure loss for different rheological models has been already reported in Applied Drilling Engineering [8] . There is no direct calculation of viscous drag due to pipe rotation. The additional torque on the pipe due to viscous drag is calculated as follows [7] :
where T is the torque (N.m), τ t is the shear stress based on the rheological model selected (Pa) and L is the length of the pipe (m). Further details about determination of shear stress for different rheological models can be found in Applied Drilling Engineering [8] .
In this paper the calculations of torque and drag are presented for the Redhill South-1 well in northern Perth Basin.
Calculating torque and drag
The first notable analysis of torque and drag was performed by Johancsik et al. [4] , who established well friction equations in deviated wellbores. They assumed both torque and drag are caused entirely by sliding friction forces that results from contact between the drill string and the wellbore. They defined the sliding friction force to be a function of the normal contact force and the coefficient of friction between the contact surfaces based on Coulomb's friction model. The normal force is given by:
In this equation F n is the normal force (N), F t is the tensile force (N), α is the inclination angle (deg), θ is the dogleg angle (deg) and w is the weight of pipe (N). This is then used to derive the equation for tension increments as:
where μ is the coefficient of friction, '+' is used in upward movements and '-' is used in downward movements of the drill string. Also, the torsion increment is calculated as:
where M is the torque (N.m), and r is the radius of pipe (m).
Later Sheppard et al. [9] put the Johancsik's et al. model [4] into standard differential form and also took the mud pressure into account that acts upward when the drill string is running into the hole. This means he modelled effective tension instead of true tension and defined the effective tension as the sum of the true tension and mud pressure.
Since then, there have been numerous applications and developments of these two works. More recently, Aadnoy and Djurhuus study analysing published friction models to provide a generalized friction model consisting of only two equations, one for rotating friction (torque) and one for pulling friction (drag) that is valid for all well geometries such as vertical sections, build up sections, drop off sections and straight sections. However, these solutions were still limited to horizontal and vertical planes. Aadnoy et al. [11] were able to extend these solutions to a 3D geometry.
Redhill South-1 well
Redhill South-1 is located in northern Perth Basin, in the central east area of Permit TP/15. Redhill South-1 was directionally drilled to test the gas potential of the Permian sands in a fault dependent structural closure [12] . A 13⅜" conductor was originally set at 90mMD prior to the drilling rigs arrival on site. Spudding commenced on February 28 2011 with a 12½" surface hole that was directionally drilled to 1309mMD and cased with a 9⅝" casing. An 8½" hole was then vertically drilled to a TD of 1896mMD, which was reached on March 18 2011. Bottom hole location at TD was 322m west (260°) of the surface location [12] .
Redhill South-1 is a build and drop type wellbore trajectory as can be seen in the 3D model in Figure 1 . The well is vertical until the KOP at 185.51mMD with The drilling operations that were modelled include:  Rotating on bottom with 25 kips WOB and 10,000 ft-lbf torque at bit  Rotating off bottom  Slide drilling with 25 kips WOB and 10,000t-lbf torque at bit  Tripping out at 40 ft/min and 0 rpm  Tripping in at 40 ft/min and 0 rpm WOB and torque at bit values were chosen based on data from the Redhill South-1 Well Completion Report [9] that was described when drilling to TD. Tripping out and tripping in speeds and rpm's were chosen as arbitrary values for these operations. The drill string modelling, using Halliburton's Landmark WELLPLAN software [7] , based on the soft and stiff approach and including the effect of drilling fluid will be presented in the following subsections.
Soft string approach with no viscous fluid effects
Accumulative torque and effective tension using a soft string approach with no viscous fluid effects have been plotted against MD and are shown in Figures 3  and 4 respectively. From the two figures we can see that the maximum forces are Torque plot calculated using soft string approach with no viscous fluid effects.
experienced at the top of the drill string as was suggested by Maehs et al. [14] . This is because these forces are an accumulation from bottom to top. Figure 3 shows that torque starts to accumulate above 1300 mMD for rotating on bottom and rotating off bottom, especially with a sharper increase between 200-400 mMD and 700-1300 mMD. Explanations for these trends can be found in Figure 5 , which shows the side force per normalization length (30ft). From this plot it can be seen that an increase in side force is experienced between these depths. Comparing it to Figure 2 , it can be seen that the increase in side forces between these depths can be attributed to the build and drop off rate. Between the depths of 200-400mMD there exists a build rate of 2.15°/100ft, while a drop off rate of 1.55°/100ft exists between 700-1300 mMD. Between the depths of 400-700 mMD the build rate decreases to 1.24°/100ft, explaining the lower degree of side forces, and hence a lower increase of torque forces. This suggests that the deviation contributes to the side force experienced and hence the greater degree of torque. Equation 5, which shows that an increase in the normal force will result in an increase in torque, can support these findings. Figure 3 also shows that for tripping in and tripping out has zero torque. This is because the pipe rotation is zero. Using the equations developed by Aadnoy and Djurhuus [10] for torque, we see that when the pipe rotation is equal to zero, the friction angle 'ψ' equals zero, and hence zero torque. We can also see that the torque for slide drilling is constant at 10,000 ft-lbf, which is equal to the bit torque. It does not increase above this value because there is also no pipe rotation.
In Figure 4 , we can see that the effective tension forces for the different drilling operations accumulate at different rates. In Figure 5 , the side forces increase in the following order; tripping out, rotate off bottom, tripping in, rotate on bottom and slide drilling. The differences in side forces for the various drilling operations can help explain the different rates that effective tension Effective tension plot calculated using soft string approach with no viscous effects. Plot of side force per normalized length calculated using soft string approach with no viscous fluid effects.
accumulates. Explanations for this can also be taken from Equation (4), where the normal force is added for upward movements of the drill string and subtracted for downward movements.
From the two figures of torque and effective tension we can see that the modelled drill string is in no danger of failure due to buckling, twist off or snap off as the tracks do not intersect any of the failure limits.
Stiff string approach with no viscous fluid effects
Accumulative torque and effective tension using a stiff string approach with no viscous fluid effects have been plotted against MD and are shown in Figures 6  and 7 respectively. From the two figures, it can be seen that the trends for torque and effective tension remain unchanged when compared to the soft string approach with only minimal changes in downhole forces experienced. In addition, the drill string still remains in no danger of failure. Comparison between the two approaches showed the following results:  The maximum torque decreased by 47.3 ft-lbf for rotating on bottom and increased by 110 ft-lbf for rotating off bottom. Maximum torque for slide drilling, tripping out and tripping in remained unchanged.  Maximum effective tension decreased by 0.1kips for slide drilling, increased by 1.7kips for tripping out and decreased by 0.8 kips for tripping in. Maximum effective tension for rotating on bottom and rotating off bottom remained unchanged.  Maximum drag increased by 1.4kips for tripping out and decreased by 0.8kips for tripping in. Slide drilling, rotating on bottom and rotating off bottom remained unchanged. Effective tension plot calculated using stiff string approach with no viscous fluid effects. These changes in forces experienced are a result of the change in side forces as shown in Figure 8 . These changes in side forces can be attributed to the fact that stiffness in the drill string is accounted for and its position is no longer assumed to remain on the low side of the borehole wall.
Modelling with viscous fluid effects
The maximum forces experienced in the well for both the soft string and stiff string approach when taking into account viscous fluid effects showed the following results:  Maximum torque increased by 339.2 ft-lbf for rotating on bottom and rotating off bottom. Slide drilling, tripping in and tripping out remained unchanged.  Maximum Effective tension increased by 3kips for tripping out and decreased by 2.1kips for tripping in. Rotating on bottom, rotating off bottom and slide drilling remained unchanged.  Maximum drag increased by 2.9kips for tripping out and decreased by 2.1kips for tripping in. Rotating on bottom, rotating off bottom and slide drilling remained unchanged.  Viscous fluid effects did not vary with the type of modelling approach, soft string or stiff string. Once again, accounting for viscous fluid effects shows a negligible difference in torque and drag and did not change the overall trend of torque and effective tension plots.
Conclusions
Modelling of torque and drag for Redhill South-1 showed a direct correlation between the accumulation of downhole forces and well trajectory. As the build up rate or drop off rate increased, torque and effective tension accumulated at a higher rate. Modelling also showed that no section of the drill string was in danger of failure.
Comparing the results produced for both modelling approaches, we can conclude that both soft string and stiff string approaches provide adequate solutions for torque and drag modelling of Redhill South-1. However, it is the authors' recommendation to use the stiff string approach when modelling torque and drag for wells of similar nature as it takes into account the stiffness and bending moment in the drill string providing for a more realistic situation. Accounting for viscous fluid effects showed minimal impact on the modelling of torque and drag in the well. However, given that the maximum forces experienced downhole all increased (with the exception of maximum effective tension and drag for tripping in) due to viscous fluid effects, it would be safest practice for these forces to be accounted for.
